Abstract
Introduction

There is profound evidence for a significant (patho-)physiologic role of the multifunctional polypeptide growth factor transforming growth factor (TGF)-␤ in the liver
. It is an important regulator of cell proliferation and liver regeneration [3, 4] , a causative agent of liver cell apoptosis [5, 6] , a strong immunosuppressant and viability factor for T-lymphocytes [7] , and an important modulator of primary and secondary (liver) tumors [3, 8, 9] . One of the major roles of TGF-␤, however, concerns its profibrogenic action on hepatic stellate cells (HSC) [1, 10, 11] . This precursor cell type of myofibroblasts (MFB) is activated by TGF-␤ to transdifferentiate to MFB [10] , and TGF-␤ stimulates the expression of collagens [12, 13] , proteoglycans [14] , and hyaluronan [15, 16] [17, 18] , and thus, affects matrix remodeling. In addition, newly discovered fibrogenic pathways in liver and other organs as well, such as epithelial-mesenchymal transition (EMT) [19] [20] [21] , activation of portal fibroblasts to myofibroblasts [22] , and homing of circulating fibrocytes in liver and their transition to (myo-) fibroblasts are critically dependent on the action of TGF-␤ [23] .
, enhances the expression of tissue inhibitors of metalloproteinases (TIMPs). It furthermore down-regulates matrix metalloproteinases (MMPs)
The biologic activity of this pluripotent cytokine is mainly regulated by extracellular mechanisms leading to the conversion of the secreted, latent form into the active ligand capable of receptor binding [24, 25] and initiation of the phosphorylation of the intracellular cascade of Smad proteins [26] . But even after activation of the latent complex, the extracellular activity of TGF-␤ is positively or negatively influenced by several enhancer or trapping proteins, which modulate the receptor activity of mature TGF-␤ [27] . Among them, CTGF/CCN2, a 36-38 kD cysteine-rich, heparinbinding, and secreted protein belonging to the CCN-gene family [28, 29] , plays an important role. It is suggested as a downstream modulator protein of TGF-␤ action, which facilitates its binding to the signal-generating receptors [30] , and which enhances the TGF-␤/Smad signalling pathway [31] . Taken together, CTGF/CCN2 is thought to amplify the action of TGF-␤ [32] .
We recently showed that hepatocytes (PC) express CTGF/CCN2, which is strongly upregulated by TGF-␤ [33] . [36] , latent TGF-␤-binding protein (LTBP) [37] , and TGF-␤ itself within the cultured PC [ 
In comparison to CTGF synthesis in HSC/MFB, which is dependent on endothelin-1, but only moderately regulated by TGF-␤, production and secretion of CTGF/CCN2 in diseased liver might be much more attributed to PC than to HSC/MFB and biliary epithelial cells [34], because of the prevalent number of parenchymal liver cells in relation to HSC (hepatic stellate cell index: 109 HSC/1000 PC; [35]) and the sensitive up-regulation by TGF-␤ in these cells. Therefore, we focused the present study on detailed aspects of TGF-␤-dependent regulation of CTGF/CCN2 expression in PC. Based on previously published data showing the presence of several components of the TGF-␤-system such as latency associated peptide (LAP)
38], we analysed and characterized the spontaneous CTGF/CCN2 expression in these cells maintained under culture conditions completely free of exogenously added TGF-␤. We found that culture-induced stress leads to activation of intracellular latent TGF-␤ (subtype 1) and signals entirely intracellularly resulting in strong up-regulation of CTGF/CCN2. The data suggest this intracrine mechanism as a very early response of PC to liver injury, which rapidly leads to the secretion of this increasingly important, paracrine acting TGF-␤ downstream modulator protein in the local tissue or even systemically in the circulation.
Materials and Methods
Materials
Recombinant soluble TGF-␤ type II receptor (rsT␤RII) was constructed as previously described [39] [40] modified as described before [41] . As 
Metabolic labelling
The methods of metabolic labelling of PC cultures and immunoprecipitation of radioactively labelled proteins were described previously [37] .
Briefly 
Immunocytochemistry
Immunocytochemistry was carried out with the alkaline phosphatase antialkaline phosphatase (APAAP) method essentially as previously described [38, 43] 
RT-PCR for TGF-␤1
Total cellular RNA was extracted from PC and HSC, respectively, with the Qiagen RNeasy purification kit (Qiagen, Hilden, Germany). cDNA was reverse-transcribed using the First-Strand cDNA synthesis kit (Invitrogen). RT-PCR was performed using the Biometra T3000 Thermocycler PCR System (Biometra, Göttingen, Germany) and the following primers: rat TGF-␤1 (forward: 5´-CTC TCC ACC TGC AAG AC-3´; reverse: 5´-GGA CTC TCC ACC TGC AAG AC-3´) and rat decorin (forward: 5´-CTC TGG CAT AAT CCC TTA CGA-3´; reverse: 5´-GGT ATG CAA GTC CTT CAG GTT-3´). Primers were purchased from MWG Biotech (Ebersberg, Germany
hCTGF/CCN2-Promotor-luciferase gene reporter assay
The vector pGL3-hCTGF-Luc was cloned as previously described [33] . [36, 38] . (Fig. 1C) . CTGF expression in PC cultures is due to active de novo synthesis, as both, the transcriptional inhibitor actinomycin D (Fig. 1D ) and the translational inhibitor cycloheximide (Fig. 1E) , completely suppress the appearance of immuno-blotted CTGF (Fig. 1D) (Fig. 1E) . As expected, the DNA-polymerase inhibitor aphidicolin was without any inhibitory effect on CTGF expression (Fig. 1D) . (Fig. 3A) . Instead, there was a clear expression of phosphorylated Smad1, which, however, could not be reduced by the Alk4/Alk5-inhibitor as expected (Fig. 3A) . We further demonstrate in control experiments that TGF-␤1 added to PC cultures clearly induced the expected strong phosphorylation of Smad3 (and cross-reacting Smad1) (Fig. 3B) 
Briefly, hCTGF/CCN2 promoter sequences were amplified from human genomic DNA in a standard PCR using primer CTGFu 5´-d(GAG CTC CTG CTG TTT GCC TCT TCA GCT AC)-3´ and CTGFr 5´-d(AAG CTT GTC GTC TCG GGG CTG TCG GA)-3´ containing additional cloning sites for SacI and HindIII (underlined). The amplified fragment containing 508-bp of the annotated CTGF/CCN2 promoter (nt 33708 to 33201, GenBank Accession no. AL354866) was first cloned into pGEM-T-Easy vector
Results
Spontaneous and TGF-␤-induced expression of CTGF/CCN2 in cultured rat PC
Freshly cultured PC express only trace amounts of CTGF, but during culture under serum-free conditions a gradual increase of CTGF expression can be recorded (Fig. 1A). The expression is rapidly stimulated by TGF-␤1. Furthermore, PC transfected with the CTGF-luciferase reporter gene under serum-reduced conditions show significantly more luciferase activity after 24 hrs than at the onset of culture. The 24 hrs expression level is enhanced 5.5-fold by TGF-␤ (Fig. 1B). In PC-cultures maintained under serum-rich conditions (10% FCS), the expression of CTGF is accelerated reaching a maximum level between 12 and 16 hrs of culture (Fig. 1C). But also under completely serum-free conditions, a gradual, even though less pronounced increase of CTGF in Western blot analysis is noted
Effect of internal and external inhibitors of TGF-␤ signalling on CTGF/CCN2 expression in PC cultured under TGF-␤-free conditions
Demasking of endogenous TGF-␤ in cultured hepatocytes and in injured liver
The observations described above suggest a CTGF synthesis in cultured PC, which is regulated by intracellular signalling of TGF-␤. We favored the hypothesis that the concentration of hepatocellular TGF-␤ might increase during the stress of isolation and cell culture, because freshly isolated PC express only trace amounts of CTGF as described above (Fig. 1A and B) figure 4 , cytospins of freshly isolated PC were only marginally stained at the sub-membranous periphery, but 24 hrs later an intense staining of the entire cytosol was observed (Fig. 4A) which confirms previous findings [43] . TGF-␤ staining was insensitive to the treatment of PC with cycloheximide (Fig. 4B) (Fig. 7) . Here, different time points (12 hrs, 24 hrs) were chosen to make differences in staining intensity more conspicuous. (Fig. 8A) , but the stimulatory effect of exogenous TGF-␤ on CTGF remained completely unaffected by both calpain Fig. 4 . (Fig. 8C) . (Fig. 8D) .
Fig. 2 Effect of external and internal inhibitors of TGF-␤ signalling on CTGF expression in PC cultured under TGF-␤-free conditions (A) Western blot of CTGF of PC cultured for 24 hrs under completely serum-free conditions with or without addition of 5ng/ml rh TGF-␤1. Some cultures received the Alk4/5 inhibitor (SB-431542, 5 M), lysates were probed for CTGF/CCN2 and ␤-actin expression. A representative blot of four independent experiments is shown. (B) Immunoprecipitation of metabolically labeled CTGF. PC were cultured in serum-, cysteine-and methionine-free DMEM for 24 hrs in the absence or presence of Alk4/5 inhibitor (SB-431542, 5 M) and labeled with the PRO-MIX L-[
S] methionine/cysteine in vitro cell labelling kit each for 3 hrs at indicated time points and processed as described in Fig. 1E. (C) Western blot of CTGF of PC cultured for 24 hrs under complete serum-free conditions. Cultures received various inhibitors of extra-and intracellular TGF-␤1 signalling like rsT␤RII (1 µg/ml), neutralizing anti TGF-␤1 antibody (4 µg/ml) and rhLAP [TGF-␤] (1 µg/ml). Lysates were probed for CTGF/CCN2 and ␤-actin expression. A representative blot of three independent experiments is shown. (D) CTGF/CCN2 reporter gene activation. PC were prepared as described in Fig. 1B, but received a blocking anti hT␤RII antibody (10 µg/ml). They were cultured for 24 hrs under completely serum-free conditions. CTGF-luciferase activities are shown relative to Renilla luciferase activity. Mean values Ϯ SD of four experiments are shown.
Fig. 3 Effect of Alk4-/Alk5-inhibition on Smad-phosphorylation under TGF-␤-free conditions (A) Western blot of p-Smad2, 1, 3 of PC cultured for 24 hrs under complete serum-free conditions and subjected to Alk4/5 Inhibitor (SB-431542, 5 M), rsT␤RII (1 µg/ml) and neutralizing anti TGF-␤1 antibody (4 µg/ml), respectively. Lysates were probed for p-Smad2, p-Smad1, and p-Smad3, total Smad2, total Smad3, and ␤-actin, respectively. Representative blots of four independent experiments are shown. (B) Western blot of p-Smad3 (cross-reacting with p-Smad1) of PC cultured for 24 hrs under serum-free conditions with or without addition of rhTGF-␤1 (5ng/ml). The blot is representative for three independent experiments. respectively, was performed. PC of normal livers were completely TGF-␤-negative, but 1 week and, more accentuated, 4 weeks of CCl4-treatment resulted in TGF-␤ positivity of PC spotted in the tissue (Fig. 5). Similarly, D-galactosamine-treated rats contained numerous TGF-␤-positive PC one day after onset of liver injury (Fig. 5). Of note, in both models of toxic liver injury, TGF-␤ positive PC were predominantly located in the periportal fields.
Modulation of TGF-␤ demasking and CTGF increase in cultured PC by calpains and calpain inhibitors
The following experiments were set up to analyze potential mechanisms of TGF-␤ demasking in PC stressed by culture conditions and liver injury, respectively. Based on previous results [47], we suspected a role of calpains in this process. Consequently, serum-free PC cultures were treated with calpains 1 and 2 and calpain inhibitors, respectively and TGF-␤ staining intensity was semi-quantitatively tested against untreated control PC cultures. Calpain inhibitor III clearly reduced the staining intensity of TGF-␤ compared to control PC and PC treated with calpain 1 and calpain 2, respectively (Fig. 6). Obviously, the latter ones were more intensely stained than the untreated cells. Furthermore, PC treated with calpain 1 and calpain 2, respectively, developed a markably impaired morphology compared to controls (data not shown). These treatments also affected CTGFimmunostaining in a similar way. Compared to untreated PC cultures, addition of both calpain 1 and calpain 2 generated a clearly more intense CTGF-staining, whereas calpain inhibitor reduced the staining intensity
Effects of calpain inhibitors on CTGF-expression and of calpains on the activation of latent TGF-␤ ␤
Next we tested whether calpain inhibition also affects CTGF expression in PC cultures treated with calpain III and calpain IV inhibitors, respectively, in a quantitatively relevant amount. A clear reduction of CTGF protein was observed when calpain inhibitors were added to the cultures
Fig. 4 Time course of APAAP immunostainings of TGF-␤1, 2,3 in cultured PC (A) APAAP immunostainings of TGF-␤ in freshly isolated PC (0 hr) and in PC cultured for 24 hrs under serum-free conditions. A monoclonal antibody against the three isoforms of TGF-␤ was used. According to the manufacturer, the used mouse monoclonal anti-TGF-␤1/-␤2/-␤3 antibody specifically detects the biologically active, mature peptide. Controls were performed with non-specific mouse immunoglobulin G (IgG) instead of TGF-␤ specific first antibody (Original magnification 40ϫ). (B) APAAP immunostainings of TGF-␤ in PC cultured for 24 hrs under serum-free conditions but in the presence or absence of cycloheximide (5 µM) (Original magnification 40ϫ).
Fig. 6 Modulation of TGF-␤ staining in cultured PC by calpain inhibitors and calpain APAAP immunostainings of TGF-␤ of PC were performed as described in
Cultured PC were treated with calpain 1 (0.5 U/ml), calpain 2 (0.5 U/ml), and calpain inhibitor III (20 µM), respectively for 24 hrs under serum-free conditions (Original magnification 40ϫ).
Fig. 5 APAAP immunostainings of TGF-␤1, 2, 3 in livers of CCl4-and D-galactosamine-injured rats Paraffin-embedded liver tissue of healthy rats and of rats treated intraperitoneally with CCl4 (1 week and 4 weeks) and D-galactosamine-HCl (D-GalN) (24 hrs), respectively were stained as described above (Original magnification 40ϫ). Staining controls received a non-specific IgG instead of TGF-␤ specific first antibody. inhibitors (Fig. 8B). The inhibitor of furin, a subtilisin-like proprotein convertase needed for processing of pro-TGF-␤ [48] had no effect on endogenous CTGF-expression supporting the fact that de novo synthesis of TGF-␤ only seems to play a minor role, if at all. Analogous to these findings, calpain inhibitors also reduced basal Smad2-phosphorylation while no effect was detectable on Smad3 phosphorylation caused by exogenous TGF-␤ stimulation
Supporting these results, we found that calpain inhibitor III reduced spontaneous CTGF-luciferase reporter gene expression of transfected PC by about 75% compared to untreated cultures
In this context it should be noted that no transcript of TGF-␤1 could be detected in PC cultured for 24 hrs. Hepatic stellate cells, which are known to express TGF-␤1, are strongly positive as expected (Fig. 8E) . Furthermore, the absence of transcripts for the small proteoglycan decorin in PC, in contrast to hepatic stellate cells, proves the high purity of the PC cultures used in these experiments (Fig. 8E) . (Fig. 8F) . Furthermore, latent TGF-␤ in the lysate of freshly isolated PC was activated significantly if incubated for 2 hrs at 37°C (Fig. 8G) . However, the additions of calpains 1 and 2 did not further enhance the amount of immunologically detectable TGF-␤ (Fig. 8G) in the cell lysate suspension.
We then tested a direct effect of calpain 1 and 2 on the activation of recombinant latent TGF-␤. Both calpains converted the latent TGF-␤ to the active, immunologically detectable antigen
Discussion
Data of this study extend the understanding of the regulation of the newly discovered synthesis of CTGF/CCN2 in PC. As shown by us previously [33] and by a very recent report [49] , CTGF expression in PC is efficiently stimulated by exogenous TGF-␤ using the activin receptor-like kinase (Alk5)-Smad3 pathway. Furthermore, overexpression of Smad7 in cultured PC and transgenic mice reduced TGF-␤-dependent CTGF/CCN2 expression [49] . Thus, signal transduction of exogenous TGF-␤ to the CTGF promoter follows the common pathway of intracellular signalling, in which phosphorylation of Smad3 plays an important role for CTGF/CCN2 expression [50] .
Here we elucidate for the first time the mechanisms that lead to CTGF/CCN2 expression in PC, which were isolated and cultured in an entirely TGF-␤-free environment (Fig. 9) . We demonstrate that even under these conditions CTGF/CCN2 is regulated by TGF-␤, which is present inside PC. However, about 95% of total intracellular TGF-␤ is functionally inactive and immunocytochemically not detectable in freshly isolated cells [36] . The intracellular existence of LAP, LTBP, mature TGF-␤ and their subcellular location in cultured PC has been shown previously, but an intracellular function, in particular an intracellular interaction with the mature TGF-␤ peptide, was not yet reported [36, 37] . Especially the functional meaning of the preferred localization of latent TGF-␤ in the mitochondrial fraction of PC [36] © and in mitochondria of murine heart and liver cells [51] [54] . Subsequently, a novel ligand-dependent mechanism of intracellular active TGF-␤ was proposed for plasma cells [55] . Following this report, the formation of active TGF-␤ within the plasma cell promotes direct intracellular interaction of ligand with T␤RII, which effectively traps the receptor and prevents it from trafficking to the plasma membrane [55] . These , dissociation from the membrane, and decreases in the level of calpastatin, the endogenous inhibitor [56] . We propose that some of these cellular events take place in isolated and cultured PC and in injured livers as well leading finally to PC apoptosis and necrosis [57, 58] . This assumption is supported by our earlier findings that inactivation of calpains attenuates the spontaneous apoptosis of PC [47] . Also of interest, calpains were shown to be involved in integrin-mediated signal transduction [59] [44] . These data suggest integrin-linked signals modulating intracellular TGF-␤ activation and the survival of PC [60] . Several reports point to a significant role of calpain activation for the progression of liver injury, e.g. by hepatotoxins [58] . Even the release of calpains from dying PC is suggested as a mechanism, which mediates progression of acute liver injury [57] [61] . Furthermore, the faint staining of TGF-␤ beneath the membrane of PC about 1 hr after isolation (Fig.  4) coincides with a calpain fraction bound to the cell membrane [61] . Another, albeit circumstantial relation might exist between an increase of intracellular calpain activity and loss of mitochondrial membrane potential with increased membrane permeability [62] . The link might be activation of latent TGF-␤ that is preferentially located in the mitochondrial subcellular fraction of PC [36, 51] . Thus, calpain activation might lead to the induction of PC apoptosis via conversion of intracellular latent to mature TGF-␤, as suggested previously from our group [47] .
representative blot of four independent experiments is shown. (B) Western blot of PC cultured for 24 hrs under serum-free conditions in the presence or absence of calpain inhibitor III (10 µM), calpain inhibitor IV (1 µM) with or without addition of rh TGF-␤1 (5 ng/ml). The blot is typical for three independent experiments. (C) Western blot of PC cultured for 24 hrs under serumfree conditions in the presence or absence of calpain inhibitor III (20 µM), calpain inhibitor IV (1 µM) with or without addition of rh TGF-␤1 (5 ng/ml). One representative blot out of four independent experiments is shown. (D) CTGF/CCN2 reporter gene activation. Cultured PC were simultaneously transfected with hCTGF/CCN2-luciferase and promoterless Renilla-luciferase as internal control, subjected to calpain inhibitor III (20 µM) and cultured for 24 hrs under serum-free conditions. CTGF-luciferase activity relative to Renilla-luciferase is shown. Mean values ؎ SD of five experiments are shown. (E) RT-PCR for TGF-␤1 and decorin in hepatic stellate cells (HSC) and PC cultured for 24 hrs. RT-PCR was performed using primers for TGF-␤1 and decorin as described in Materials and
CTGF/CCN2 expression in PC served in this study as a reporter of TGF-␤ signalling, but the observations described here might be relevant for several or selected TGF-␤ target genes synthesized by PC. Even more, stress-or injury-dependent calpain activation and subsequent TGF-␤ activation could be of great relevance for survival or apoptosis of PC [63] . Its preferred location in the mitochondria, key players in the apoptotic cell death in the liver [64] , was already mentioned [36, 51] . Finally, intracellular active TGF-␤ could be an important executor of epithelial-mesenchymal transition (EMT) of PC, which is claimed to be an increasingly important profibrogenic mechanism in liver injury [19, 20] . Indeed, both fractions of TGF-␤, i.e. external and endogenous, might be significant for the decision of TGF-␤ whether to induce apoptosis or EMT [63] . The interrelation of the signalling pathways of TGF-␤ becomes even more complex if the potential crosstalk of the Alk5/Smad2/3 and the Alk1/Smad1/5/8 cascades is considered [65] . In hepatic stellate cells the significance of the latter TGF-␤ pathway for the expression of the inhibitor of differentiation 1 (Id1) was shown recently, which is a critical mediator of stellate cell transdifferentiation to myofibroblasts [65] . Furthermore [56] [57] [58] .
In conclusion, intrinsic activation of latent TGF-␤ in PC and subsequent signaling to TGF-␤-responsive genes is suggested as an immediately, if not the first occurring response of PC to cultural and injurious stress. It should be minimized in improved culture conditions and for the prevention of liver injury, which finally leads to fibrosis.
